Cochlear implant efficiency is linked to the number of spectral channels. There is a good spectral resolution when many channels are used but, there are also interactions between those channels and it limits speech understanding. Several studies have been conducted on the subject but there is no consensus on the choice of a sound coding strategy. The efficiency of a sound coding strategy depends on the external conditions and on the patient's physiology. Channel interaction is measurable and it is worthy to study relying on the state of the art. This article considers some papers on the topic and suggests a new approach based on physiology and on simulations. This is the starting point of a new research project.
INTRODUCTION
Sound coding strategies are always under investigation in order to provide the best service to the patients particularly regarding the perception of speech in noise. The number of open channels seems to be linked to the amount of channel interaction between the electrodes. In this paper, we will focus on this issue using the literature.
Considering modern techniques, it is worthy to explore this topic. First, we need to do a state of the art.
Our team (CRNL, HEH, LNIA) suggested that increasing the number of open channels increases channel interaction at the expense of speech understanding. A good approach is selecting relatively few channels [1] . Nevertheless, when there is background noise, a high number of channels is needed to improve speech understanding [2] . Our team already addressed the impact of coding strategies in noisy environments and the interconnection with channel interaction. It is worthy to consider channel interaction during cochlear implant fitting process [3, 4] .
We recently started an experiment which aims at putting channel interaction through speech understanding. The idea comes from one of our previous studies [5] . The results suggested that, in noise, vocal audiometry scores are better when the patients use all the available channels [6] [7] . Results were very heterogeneous and we suggested that channel interaction could be the cause. Our goal is to gear the number of open channels to the external conditions.
MULTIELECTRODE COCHLEAR IMPLANT AND CHANNEL INTERACTION

Cochlear Implant
A cochlear implant is a medical device designed for people with profound deafness. It is an interface between the sounds of the environment and the neural fibers inside the cochlea. A cochlear implant is an acoustic-electric transducer that artificially excites the auditory nerve and replaces the nonfunctional inner hair cells.
Charles Eyriè s and André Djouno described in 1957 the electrical stimulation of the auditory nerve [8] . With only one electrode, it enabled the patient to detect speech rhythms. Then, in the 70's, Prof C.H. Chouard and his team developed the first French multi-electrode cochlear implant (Chorimac) that enabled the patients to have access to a wider frequency range which is essential to understand speech [9] .
A cochlear implant has two parts. One part is implanted and composed of the implant body and the electrode array (inserted inside the cochlea). The external part is composed of the sound processor and the antenna (Fig. 1) .
Cochlear implants work as follow: first, the microphones capture sounds and the chip analyzes and transforms them into electric impulses. Then, the antenna transmits the information through the skin via electromagnetic waves to the internal part. The internal part receives the information: first, the body of the implant sends the signal to the electrode array and then the electrodes stimulate the neural fibers of the cochlea. The nervous signal induced by the stimulation travels through the auditory nerve into the brain which interprets them as sounds [10] .
Nowadays in France, two main sound coding schemes are used by four manufacturers. On one side, "CIS like" (Continuous Interleaved Sampling) sound coding strategies are implemented in Med-El® and Advanced Bionics® sound processors. On the other side, "NofM" (for N out of M) are implemented in Cochlear® and Oticon Medical® sound processors.
All coding strategies are now based on the principle of the vocoder [11] . The signal is split into spectral bands by a digital filter bank. Each band is associated with a specific electrode corresponding to the tonotopic organization of the cochlea. In that respect, a low-frequency sound activates one or more electrodes at the top of the array and a highfrequency sound activates electrodes at the base of the array. The main difference between "CIS like" and "NofM" strategies lies in the number of electrodes activated in the same calculation run. "NofM" strategies activate the most energetic channels among the total number of channel while "CIS like" strategies activate all the electrodes available in the same run [12] . 
Channel interaction
The arrival of multielectrode cochlear implant enhanced considerably speech understanding for cochlear implant users. Nevertheless, channel interaction is an inherent problem of multielectrode stimulation. Indeed, the overlap of electrical fields stimulates a large number of nerve fibers and can create an overlap among the "neural channels". Depending on the overlap degree, signals, information, neural integration, and neural processing can be very degraded. Two types of interactions can be identified: the electrical-field overlap and the neural-interaction.
In the best case, there is a low interaction degree: neurons are well preserved and the electrode array is close to the cochlear cells, each electrode stimulates a reduced number of auditory neurons. In an intermediate case, the population of activated neurons overlaps the territory of the neighbor electrodes. In the worst case, all electrodes stimulate the same neuron population like a "pseudo-monoelectrode".
For the three cases, it is assumed that neurons are homogeneously reparted and that the current spread is regular along the electrode array. In reality, this is not what happens [13] .
Measurement of channel interaction.
Channel interaction can be measured using psychophysical tests, for example:
• The modification of the loudness induced by the overlap between electrical fields when two electrodes are activated in phase or out of phase.
• The refractory period of nerve cells which changes the detection thresholds following a previous stimulation. [14] .
Objective measurements can also highlight channel interaction.
At the electrical level, the Electric Field Imaging (EFI) method can measure directly the overlap. The electrical stimulus itself is recorded along the electrode array [15] . At the neural level, there is the Electrically Evoked Compound Action Potential (ECAP). The ECAP shows a synchronization of cochlear fibers electrically stimulated, which is equivalent to the Wave I of the auditory brainstem response (ABR) (Fig. 2) [16] . For cochlear implant users, an electrical stimulation by an electrode induces a neural potential recorded by another electrode in the array [17] .
At a higher neural level, ABR curves reflect the electrical response of the auditory nerves after a stimulation. Five waves are measurable and they correspond to five generators inside the brainstem. Wave I is generated by the auditory structures close to the cochlea, Wave II is generated when entering in the cochlear nucleus, Wave III comes from the superior olivary complex, Wave IV comes from the lateral lemniscus and finally, Wave V comes from the inferior colliculus of the midbrain. ABR waveforms are illustrated in figure 2 [18] . Guevara et al. developed a new method to evaluate channel interaction using eABR (e stands for electrical) with cochlear implant users. They compared the Wave V amplitude in response to a stimulation of five electrodes together, to the sum of the amplitudes of Waves V after a one-by-one stimulation. They define the Monaural Interaction Component (MIC) as the ratio of those amplitudes. Figure 1 shows the ABR recordings obtained using their method [19] . If there is no channel interaction, the MIC ratio equals 1. On the contrary, if there is channel interaction, the MIC ratio is superior to 1. 
Overcoming channel interaction
Audiologists and engineers developed methods to address the problem of channel interaction.
Stimulation modes
There are several modes of stimulation which vary the current pathways, based on bipolar and monopolar stimulations (figure 4).
Cochlear implants can work on bipolar mode. The current flows between two electrodes on the array. When the electrodes are side by side, the stimulation is focused and when the distance between the electrodes is larger, the stimulation covers a larger surface. However, the bipolar mode is not hyper-selective and a very focused stimulation can activate a larger population of neural fiber than expected.
Cochlear implants can also work on monopolar mode. The active electrode is on the electrode array inside the cochlea while the ground electrode is inside the mastoid or in the implant body. Monopolar mode usually stimulates more nerve fibers than the bipolar mode, nevertheless the monopolar mode requires lower stimulation levels to obtain a perception threshold than the bipolar mode.
The spread of stimulation in monopolar mode is a problem only when there are simultaneous stimulations which exacerbate channel interaction [13, [20] [21] . There are other stimulation modes like the common-ground mode or the tripolar mode but they are less common than bipolar and monopolar. 
Coding strategies
Another way to lower channel interaction is to use sequential stimulation. The CIS strategy was the first to integrate this approach. Now, most modern coding strategies integrate sequential stimulations in order to lower the electrical field overlap [23] . Nevertheless, sequential stimulations can limit the stimulation rate so, some manufacturers use NofM coding strategies (for N out of M) which activate only the N most energetic electrodes (N<M). The number of active electrodes in each stimulation sequence is reduced and so it lowers the overlap (but also the spectral range).
The order of electrode activation is also important. It is possible to stimulate from apex to base but it is not optimal to reduce channel interaction. An optimal sequence can be used in order to maximize the distance between two successive stimulations. For example, with a 6-channel implant, electrodes can be activated in this order: 6-3-5-2-4-1 [24] .
But even when two remote electrodes are sequentially activated, high stimulation levels, short temporal delay neural and membrane residual polarization can induce channel interaction [25] .
PSYCHOPHYSICAL TUNING CURVES
Auditory filters
Inner ear capacity to discriminate frequencies in sounds is related to the auditory filters' selectivity. In the literature, the concept of critical bands describes the frequency bandwidth of the auditory filters. Two sounds can be discriminated only if they are in two different critical bands. It is like a bandpass filter bank with varying cut-off frequencies along the cochlear ramp which depend upon the spectrum of the sound [26] . Auditory filters bandwidth can be assessed by a masking method leading to psychophysical tuning curves (PTCs).
On PTCs, each point represents the masking level needed for a specific frequency to mask a reference frequency. The sharper the PCT tip is, the more selective the cochlea is. The PTC is mainly characterized by the Q10, which is the ratio between the reference frequency and the bandwidth at 10 dB above the tip (Fig. 5) [27] .
Hearing impairment changes PTCs' shape. Hearing impaired people have flat and large PTCs showing high auditory thresholds and a poor frequency selectivity [28] . 
Psychophysical tuning curves assessment
PTCs can be established using two methods: Simultaneous masking or forward masking. For both methods, it measures the minimum masking level, of a sound on another.
In simultaneous-masking, the masker and the reference sound are presented simultaneously. In forward-masking, they are presented time-shifted [29] [30] .
For normal-hearing subjects and for hearing-impaired people PTCs are measured with acoustical stimulations. With cochlear implant users, it can be done with acoustical stimulations through the sound processor, or with direct electrical stimulations controlling the electrode array. The
With electrical stimulations, simultaneous masking needs high stimulation levels which restrains to get precise PTCs in term of frequency. Forward-masking needs lower stimulation levels than simultaneous masking. Lower stimulation levels enable to quantify frequency selectivity more accurately [31] .
An algorithm can mimic the sound processing of a cochlear implant and simulate an impaired cochlea. This kind of simulation enables to test normal-hearing subjects in parallel with cochlear implant users and to compare the results. PTCs are equally flat for cochlear implant users and for normal-hearing subjects using a simulator, but there is a larger inter-individual variability with cochlear implant users [32] .
Interestingly PTCs on cochlear implant users can account for channel interaction. Masking levels needed for one frequency reflect the spread of stimulation of the corresponding electrode [33] .
ON THE NUMBER OF CHANNELS
Increasing the overall number of channels does not always improve the transfer of information. Speech understanding is often higher when there are few channels (<20). Some studies suggest that we need to choose carefully the stimulating channels to avoid the overlap of the information [1] .
Speech understanding, with no background noise, is improved when the number of channels is increased up to 10. Beyond 10 channels, speech understanding remains constant and it suggests that cochlear implant users can't take advantage of the additional information. The reason for this limitation is not yet clearly identified but channel interaction seems to be a part of it [2] .
On the other side, in background noise, more than 10 channels are needed to maintain speech understanding at a good level. Some experiments, conducted with normalhearing subjects using a cochlear implant simulator, showed that more channels are needed in background noise, but that selecting more than 12 channels out of 16 did not yield to better scores [34] . Nevertheless, other studies suggested an increase in speech understanding up to 30 channels [35] . This question remains open.
COCHLEAR IMPLANT SIMULATOR
The vocoder
As indicated above, modern cochlear implants work like a vocoder [36] .
Because of the enhancement of signal processing through the years, scientists wanted to know how well the channels of the cochlear implant could transmit information. To do so, some of them used an algorithm mimicking the sound processing of the cochlear implant. When electric stimulations are replaced by bandpass noises or pure tones, we can simulate the auditory sensation of a cochlear implant. Dorman et al. stated that experiments conducted with such a simulator are reliable and comparable with experiments conducted with cochlear implant users. But this is an "ideal case", because the auditory cells of cochlear implant users are damaged and because cochlear implants cannot exactly reproduce a normal auditory perception [37] .
Simulating channel interaction
To go further than the "ideal case" it is possible to simulate some features of hearing impairment. One of these features is channel interaction.
Several experiments have been conducted with vocoders integrating a channel interaction module [38] .
One method to mimic channel interaction is to add in each channel a part of the envelope information of the neighbor channels. Using this method is like creating an overlap between the channels of the vocoder [39] .
Vershuur et al. suggested that with an accurate simulation of channel interaction it is possible to recreate, with normalhearing subjects, the results obtained in the best cases with cochlear implant users [40] .
FUTURE EXPERIMENTS
Our team is interested in optimizing the number of channels depending on the level of background noise and the degree of channel interaction. The idea of conducting this study comes from results we obtained in a previous experiment conducted in our laboratory [41] . Our results suggest that speech recognition scores are higher when N = M and that channel interaction is a limiting factor.
First, using a vocoder we can mimic the signal processing of a cochlear implant and we can add a channel interaction simulator with different interaction degrees.
Then, channel interaction can be measured with cochlear implant users using PTCs and eABR [19] .
And finally, gathering all the results could determine a way to optimize the features of cochlear implants considering channel interaction in the fitting process.
CONCLUSION
Channel interaction is still under investigation and some well-known tools are capable to measure it. We want to combine those reliable tools with new protocols to see how much channel interaction affects each patient and try to optimize their cochlear implant.
